1. Whewellite (calcium oxalate monohydrate) crystals were found to induce epitaxially the heterogeneous nucleation of brushite (calcium monohydrogen phosphate dihydrate) from its metastable supersaturated solution in approximately one-quarter of the time required for spontaneous precipitation in the absence of added nucleating agents. Scanning electronmicroscope observation of the crystalline phase showed brushite crystals originating from the whewellite seed crystals.
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human urinary stones was suggested in 1968 by Lonsdale, from the close dimensional similarity of many of the crystal faces of the common urinary stone components, which is apparently required for epitaxially induced crystal growth. Although many calculi contain a mixture of insoluble organic and inorganic compounds (Prien, 1949) , little experimental evidence has been presented to support (or deny) the existence of epitaxial relationships among the various crystalline components of human urinary stones.
We have studied the circumstances, in vivo, in which crystals of one urinary stone component are able to nucleate epitaxially another crystalline phase from its otherwise stable, supersaturated solution. In systems where this occurs (at moderately low supersaturations and with greatly increased rates) epitaxially induced nucleation and crystal growth in urine seem most likely. The results may lead to therapeutic regimens that will decrease the most efficient crystalline nucleating agents from stone-forming urine. Previously the hydroxyapatite-whewellite (calcium oxalate monohydrate) (Meyer, Bergert &Smith, 1975) and uric acid-whewellite (Meyer, Bergert & Smith, 1976 ) crystal growth systems have been considered. We now present experimental data on the whewellite-brushite (calcium monohydrogen phosphate dihydrate) system.
Materials and methods
Materials
Reagent-grade chemicals were used without further purification. All solutions were prepared with deionized, distilled, carbonate-free water to a constant ionic strength (0.15). Sodium chloride was used as the supporting electrolyte. Seed crystals of calcium oxalate and brushite (Marshall & Nancollas, 1969) were prepared as described in the literature. The crystals were stored in slurry form at 37°C before use. All experiments were performed at 37°C.
Growth of brushite on whewellite seed
Stable supersaturated solutions of calcium phosphate were prepared by the dropwise addition of a 0.075 mol/l phosphate solution (0.01 mol/l Na2HP04; 0.065 mol/l KH2P04; pH 6.0) to a calcium chloride solution (5-7 mmol/l). Each solution was prepared with a calcium: phosphate molar ratio of 1 : 1. The pH of the solution was adjusted to 6.00 before the introduction of calcium oxalate seed crystals, and maintained within kO.01 pH unit during the course of the crystal-growth experiments by means of pH stat delivery of sodium hydroxide solution (Methrohm, Combititrator 3-D). Induction periods in which no calcium or phosphate precipitated from solution always followed the addition of seed material. The dissolution of seed material is rapid and approaches saturation within 10 min with negligible loss of crystal mass. The rate of crystal growth after nucleation was noted by withdrawing aliquots at intervals, filtering out the crystalline phase by 0.22 ,urn Millipore filtration, and analysing the filtrate for calcium and phosphate. Crystal growth rate was also monitored from the base required to maintain constant pH, since proton release is a direct measure of the phosphate precipitated as brushite. The presence of brushite to the exclusion of other calcium phosphate phases was confirmed by microscopic and petrographic observation of the crystalline phase. The free ionic concentrations of all major species in solution were calculated from the modified Debye-Huckel equation (Davies, 1962) oxalate ion were present in the crystal growth solution. Before addition of oxalate ion, the phosphate concentration was brought to 0.018 mol/l with crystalline KH2P04. This resultant solution was slightly undersaturated with respect to brushite when the pH was adjusted to 6.5 with sodium hydroxide. An aliquot of the brushite crystal slurry was added and equilibrated for 30 min, before filtration through a 0.22 jm Millipore filter, the oxalate stock solution then being added to produce the metastable calcium oxalate solution. An aliquot of the brushite seed suspension was then added, and the rate of crystal growth of calcium oxalate was measured by withdrawing samples at intervals, filtering through the 0.22 pm Millipore filters, and analysing the filtrate for calcium by atomic absorption. Phosphate analyses were performed on selected samples to ensure that changes in calcium concentration were not due to calcium phosphate crystal growth or dissolution. Free ionic concentrations were calculated as described above.
Scanning electron microscopy
Sample preparation for both epitaxial crystalgrowth systems was similar. Aliquots were removed from the crystal-growth experimental systems, and the crystalline phase was separated by immediate filtration through 0.2 pm Nucleopore filters. The crystals were sparingly washed with deionized distilled water to remove excess solution. The filters were dried, mounted on aluminium specimen stages, and vacuum-coated with gold-palladium and carbon. The scanning electron microscope (ETEC Autoscan) was operated at 5-20 kV and a specimen tilt of 45"; the crystals were observed at magnifications up to x20000.
Measurements of surface area
A dynamic flow surface area analyser (Quantasorb, Quantachrome Corp.) was used
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to measure the surface areas of the dried crystals used as the seeding material in the heterogeneous crystal-growth experiments. Three partial pressures of the adsorbate (nitrogen in helium) were used, the Brunauer, Emmett & Teller (1938) equation being utilized.
Results
The supersaturation ratio, S, was previously defined as [Ca' +]/[Ca' +Irn, in which [Ca' +I and [Ca'+] , are the free ionic concentrations of calcium present initially in solutions and at saturation respectively . For a saturated solution, S = 1; S< 1 and S > 1 indicate undersaturation and supersaturation respectively.
Nucleation of brushite by whewellite crystals
The heterogeneous nucleation of brushite from its metastable supersaturated solution, caused by the introduction of whewellite crystals, is shown in Fig. 1 To confirm the chemical evidence that calcium phosphate was being epitaxially nucleated by the calcium oxalate, seed samples were withdrawn from the crystal-growth system, at times indicated by the arrows in Fig. 1 , and observed with scanning electron microscopy and petrographic microscopy. The morphology of the crystalline material, isolated 30 min after its introduction, is shown in Figs. 2(A) and 2(B) . The crystals appear identical in all respects with those of the seed material, and no extraneous phases are present. Crystals isolated shortly after the induction period exhibit a second phase originating from the calcium oxalate seed crystals (Fig. 3A) . Higher magnifications ( Experiments were also performed at other supersaturations (Fig. 5) . The free ionic calcium concentration is plotted with the time-axis for each of the three experiments set so that spontaneous precipitation without foreign seed material occurs at the same point. Induction periods for spontaneous precipitation without added nucleating agents for S = 1.77, 1.63 and 1.50 were found to be 15, 36 and 100 h respectively. When equivalent amounts of whewellite crystals were introduced into each of the three metastable calcium phosphate solutions, the induction periods for nucleation were reduced to 4,9 and 25 h for the solutions with S = 1-77, 1.63 and 1.50 respectively. In each instance the time required for heterogeneous nucleation is approximately one-quarter of that needed for spontaneous precipitation. The induction periods for epitaxially induced heterogeneous nucleation did not depend upon the amount of Abscissae are normalized so that spontaneous precipitation in the absence of foreign seed material occurs at the same point on the graph. Seed surface area was 1.6 cm2/ml. seed material introduced. Experiments (not shown) performed at the three supersaturations with various amounts of seed material had no effect on the induction periods (e.g. six times the whewellite seed in Fig. 1 resulted in approximately the same induction period at S = 1.77).
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Nucleation of whewellite by brushite crystals
The influence of brushite crystals on the metastability of calcium oxalate solutions (Fig.  6) shows that at S = 1.90 the metastability of the calcium oxalate is maintained for about 24 h. The introduction of brushite crystals produced a measurable fall in calcium ion concentration after an induction period of about 6 h, with a slow approach to saturation, only 27% of the potential calcium oxalate crystal growth occurring within 24 h. Examination of the crystals removedafter 7 h (Fig. 7A )indicated that only a iment seed few had nucleated on the brushite seed crystals. Higher magnifications (Fig. 7B ) revealed that the new crystalline phase had a morphology similar to that of whewellite. This was supported by petrographic examination. The induction period for heterogeneous nucleation, as in the system described above, did not depend on the number of brushite seed crystals added.
Discussion
Hydroxyapatite has been shown previously to nucleate epitaxially whewellite crystals from a supersaturated solution of calcium oxalate but whewellite crystals were unable to nucleate hydroxyapatite crystals . Those experiments were performed at pH 7.4, whereas the average urinary pH is closer to 6, at which brushite, a more acidic compound, usually precipitates from solution (Pak, Eanes & Ruskin, 1971) . The justification for performing experiments at pH 7.4 is that apatite and not brushite is the most common form of calcium phosphate found in either 'pure' or 'mixed' urinary calculi (Prien, 1949) . In contrast to the pH 7.4 system, our results suggest that at pH 6.0 whewellite crystals are able to nucleate a calcium phosphate phase from solution. Chemical, morphological and petrographic evidence suggested that the material was brushite. An induction period for the epitaxially induced heterogeneous nucleation was found for each supersaturation that was approximately one-quarter of the time required for spontaneous precipitation without added nucleating agents. We conclude that, at an appropriately high supersaturation, whewellite would nucleate brushite crystals in less time than is required for the urine to traverse the urinary tract. Upon nucleation, a rapid approach to saturation via crystal growth is observed.
That crystal growth and not further nucleation accounts for most of the loss of calcium and phosphate from solution is illustrated in micrographs showing brushite crystals that have greatly increased in size as compared with those at the onset of nucleation. No extraneous phase suggestive of calcium phosphate is evident during the induction period. During the crystal-growth process the brushite crystals appear to project from clusters of whewellite seed crystals. High-magnification micrographs always show the morphologically distinct whewellite crystals at the apparent origin of the radially directed brushite crystals, suggesting that these crystals act as the nidi for the calcium phosphate crystals. As the time required for epitaxial nucleation did not depend on the amount of seed material, the driving force for the nucleation may be the statistical probability of a critical nucleus forming at an appropriate site on the host crystal. This would depend primarily upon the supersaturation (free energy) of the solution and not upon the number of sites (Walton, 1967) .
Brushite seed crystals also appear to induce epitaxially the nucleation of whewellite from its stable supersaturated solution. Although the induction periods are not as well defined as for whewellite-induced brushite formation, the presence of brushite crystals reduces the time required for spontaneous precipitation by about fourfold.
Thus the same amount of lattice mismatch appears to exist between the host crystal and the nucleating phase in each of the two epitaxial systems. The rate of crystal growth of calcium oxalate on nuclei induced by brushite seed is slow compared with the rate of calcium phosphate growth on nuclei induced by whewellite seeds. This suggests that few sites are available on the brushite crystals that produce nuclei of calcium oxalate, at the moderately low supersaturations studied here. Micrographs of the brushite-seeded experiments confirm the existence of relatively few calcium oxalate crystals on the surface of the brushite crystals.
Our results for the brushitewhewellite epitaxial crystal-growth system may provide some insight into the cause of certain stones containing calcium oxalate or calcium phosphate, or both. Although brushite is a rare component of urinary calculi, it may still be the initially precipitated calcium phosphate phase, which later hydrolyses irreversibly to the thermodynamically more stable hydroxyapatite (Brown, Pate1 & Chow, 1975) . This could occur during the normal diurnal fluctuations in pH (Elliot, Sharp & Lewis, 1959) . The presence of either whewellite or brushite crystals in acidic urine would promote the precipitation of the other phase from its supersaturated solution under conditions where spontaneous nucleation would not occur. This would result either in the formation of 'pure' calculi with a foreign nucleus or the common mixed calcium phos-phatealcium oxalate stones. The apparent potential for rapid crystal growth of brushite on nuclei induced by whewellite, coupled with a crystal morphology (e.g. Fig. 3A , B) that could easily result in entanglement within the urinary tract, provides a setting for the initiation and subsequent growth of a urinary calculus. On the other hand, it appears that the presence of brushite crystals in a urine that is metastable with respect to calcium oxalate would result in only a relatively slow crystal growth of calcium oxalate. Hydroxyapatite seems to be much more effective in inducing calcium oxalate crystal growth , and it would appear that this latter phase of calcium phosphate would be more important in the initiation and growth of the mixed calcium phosphate-calcium oxalate stones. In addition, it is commonly found intracellularly as well as extracellularly in kidneys of patients who form calcium oxalate stones (Randall, 1937; Malek & Boyce, 1973) .
